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We introduce a new technique to detect discrete temperature steps from cosmic strings left on
Cosmic Microwave Background (CMB) anisotropy map. The detecting power of the technique is
only constrained by two unavoidable features of CMB data: (1) finite pixelization of sky map and (2)
Gaussian fluctuation from instrumental noise and primordial anisotropy. We set the upper limit on
cosmic string parameter as Gµ . 3.7×10−6 at 95% CL and find that the magnitude of temperature
step has to be greater than 44µK in order to be detected for Wilkinson Microwave Anisotropy Probe
(WMAP) data set.
PACS numbers: Valid PACS appear here
I. INTRODUCTION
Physicists at the frontier of high energy physics are now
trying to increase our understanding of the Nature to an
energy level as high as the Planck scale (∼ 1019GeV)
while experiments have paved road up to 103GeV scale.
There is no reason to expect that terrestrial accelera-
tors would fill the huge gap lying between current sta-
tus of experiment and theory. Therefore, physicists have
turned to the early universe hoping to discover obser-
vational/experimental evidences for pioneering theories.
Cosmic strings is one of the hottest topics, whose discov-
ery will probably be an important landmark on the way
to the Planck scale. Cosmic strings have many attractive
features over other topological defects in the matter of
its existence. One of the examples is that cosmic strings
do not result in the over-closure of universe while other
defects do. The quest for cosmic strings has been per-
formed in two ways: statistical method and direct search
for individual cosmic string. Many studies on statisti-
cal side agreed that the contribution from cosmic strings
to statistical observables such as power spectrum is at
most 10% [1, 2, 3, 4, 5], reconfirming that cosmic strings
played, if any, a minor role in making the universe as it
is. On the other hand, a candidate suspected to be a
double image formed by a cosmic string turned out to be
two neighboring galaxies [6] and failed in discovering cos-
mic strings directly. Other workers have set upper limits
on the cosmic string parameter [7, 8, 9, 10, 11, 12, 13].
CMB anisotropy maps could contain unique signals cre-
ated by cosmic strings, discrete temperature steps due
to Kaiser-Stebbins effect [14, 15]. But those are proba-
bly obscured by instrumental noises and other physical
structures of anisotropies. In this letter, we introduce a
technique to estimate how strong a signal from cosmic
strings has to be in order to be identified unequivocally.
We calibrate the detecting power of this technique by
applying it to simulated anisotropy maps based on a rea-
sonable modeling. In the sense that our new technique
works perfectly when background Gaussian fluctuation is
turned off, we explicitly show the inherent limitations of
CMB anisotropy map as a site for cosmic string search
and explain a feasible way to improve the detecting power
of the algorithm. In the last part of this letter, we apply
this method to WMAP 3-year W-band data set [16] and
analyze the implication of the results.
II. MODELING AND SIMULATION
Cosmic strings are believed to evolve over time by re-
connecting, inter-commuting and evaporating since their
birth [15]. According to computer simulations e.g [17],
tens of long strings with cosmological length can survive
up to time of recombination within the volume of ob-
servable universe. Correlation length, ξ(t), of a cosmic
string can be estimated most conservatively as ξ(t) . ct
and a cosmic string does not develop much wiggle within
correlation length. At the time of recombination, the
angular size of horizon for the most preferred ΛCDM
model becomes ∼ 1.8◦. We consider a square patch of
CMB anisotropy sky map (N × N pixels) that extends
to a size of horizon at the time of recombination so that
the conic space-time formed by a cosmic string can be in
effect within the region. Then, a square patch of CMB
anisotropy sky map that contains a segment of moving
cosmic string can be decomposed into three parts as il-
lustrated in Figure 1 : (1) uniform background temper-
ature (T0) in a CMB anisotropy map, (2) Gaussian fluc-
tuation (variance σ2G) and (3) discrete temperature step
from a moving cosmic string. The uniform background
temperature T0 comes from super-horizon scale primor-
dial fluctuations. Because we pick a horizon-sized region,
the super-horizon fluctuations will appear to be a con-
stant temperature shift for the whole patch. Smaller scale
(sub-horizon) fluctuations and instrumental noise add up
incoherently to form a Gaussian fluctuation within the
square and since they are uncorrelated, the variance of
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FIG. 1: A decomposition of sky map patch. The square patch is decomposed into uniform background temperature (T0) +
Gaussian fluctuation + discrete temperature step. The number of pixels in a patch is N2.
The discrete temperature step produced by a moving cos-
mic string is described by the analytic expression [14],
∆ = 4piGµγsβsT nˆ · (vˆ × sˆ) (1)
where ∆ represents the half-height of temperature step
given in Figure 1 and T ≃ 2.725K is the universal
background temperature of CMB. nˆ, vˆ and sˆ are di-
rection vectors for the line of sight, velocity of string




−1/2 = (1−(v/c)2)−1/2 is the Lorentz factor
involved with motion of string. Gµ is the dimensionless
cosmic string parameter where G is the gravitation con-
stant and µ is the linear energy density of cosmic string.
Here we introduce five parameters that characterize a
square patch of string embedded sky map, T0, σG, ∆,
p (blue-shifted pixels/total pixels) and θ (orientation of
step). We concoct a simulated patch of CMB anisotropy
map by assigning arbitrary legitimate values to the pa-
rameters and adding the three components illustrated in
Figure 1. To recover these parameters from the CMB
anisotropy map where the step patterns are intermixed,
we employ five observables which can be expressed in
terms of (T0, σG, ∆, p, θ):





Tj, j = all pixels (2)

















Tj |Xj | (5)
Xj = (xjµx + yjµy) /µ








where µ is the magnitude of dipole moment. We choose
the orientation of temperature step θ = 0 without loss of
generality since it gives especially simple analytic forms
of observables introduced in (2)-(6). In the absence of
Gaussian background fluctuation (σG = 0), the observ-
ables are expressed as
τ = T0 +∆(2p− 1) (7)
µx = ∆p (1− p) (8)
µy = 0 (9)
λ = T0 +∆(2p− 1) |2p− 1| (10)
σ2 = 4∆2p (1− p) . (11)




(|λ− τ |+ λ− τ)
4µ− |λ− τ |
(12)
∆ =
(|λ− τ | − 4µ)
2
2 (2µ− |λ− τ |)
(13)









σ2 − 4∆2p (1− p)
) 1
2 = 0. (16)
On the other hand, when the background fluctuation
is turned on, what we expect to get back are unbi-
ased estimates plus Gaussian errors with variance σ2i
(i = T0, σG, ∆, p, θ),
pobs = p± σp (17)
∆obs = ∆± σ∆ (18)
T0,obs = T0 ± σT0 (19)
θobs = θ ± σθ (20)
σG,obs = σG ± σσG . (21)
The errors (σp, σ∆, σT0 , σθ, σσG) present in (17)-(21) are
measures how precisely a temperature step screened by
background fluctuation is recovered. Figure 2 shows the
behaviors of error as functions of ∆ for three different
pixel numbers for a patch. The variance of the back-
ground fluctuation chosen here is the average variance
of patches with angular radius θR = 1.8
◦ for WMAP 3-
year W-band data set with Kp2-mask applied [16]. The
most pronounced feature of the graphs is that the er-
3FIG. 2: Evolution of errors of characteristic parameters obtained in (12)-(16) as functions of ∆ with fixed values of parameters
(T0 = 10.0µK, p = 0.5, θ = 0, σG = 116.0µK). Left panels: 8×8 pixels in a square, middle panels: 14×14 pixels, right panels:
28 × 28 pixels. For each size of patch, the number of simulations performed is 10,000. Orange (shaded) regions indicates the
ranges of ∆ for which the step feature in a patch is not obvious compared to its background fluctuation (σG = 116.0µK). The
result on ∆ is biased upward because the simulations with erroneous values of ∆ (∆ < 0) were not included in the statistics.
ror bars are wildly undulating while ∆ stays small com-
pared to background fluctuation σG with converging en-
velopes as ∆ increases. From this feature, we see that
our algorithm to extract the characteristic parameters
works poorly for low temperature steps compared to
background fluctuation such as ±90◦ error on orienta-
tion estimate. Even breakdowns of algorithm do hap-
pen in the orange (shaded) region, resulting in erroneous
parameter values such as negative ∆ or p not in the
range between 0 and 1. Simulations with collapsed re-
4TABLE I: Simulation results at the critical values of ∆ above
which good results on parameter recovering begin to come
out.
patch parameter input computed (1σ)
∆(µK) 80.0 83.35 ± 16.55
8× 8 pixels p 0.5 0.50± 0.07
σG = 116.0µK θ(degree) 0.0 −0.07± 12.25
∆ = 80.0µK σG(µK) 116.0 112.98 ± 12.0
T0(µK) 10.0 9.73± 18.90
∆(µK) 45.0 47.12 ± 9.53
14× 14 pixels p 0.5 0.50± 0.07
σG = 116.0µK θ(degree) 0.0 −0.17± 12.63
∆ = 45.0µK σG(µK) 116.0 115.00 ± 6.17
T0(µK) 10.0 9.62± 10.87
∆(µK) 25.0 25.77 ± 4.71
28× 28 pixels p 0.5 0.50± 0.06
σG = 116.0µK θ(degree) 0.0 0.24± 11.23
∆ = 25.0µK σG(µK) 116.0 115.71 ± 2.96
T0(µK) 10.0 9.90± 5.25
sults are not included in the statistics shown in Figure
2 since those cases are evidently the ones with insuffi-
ciently strong signals against background fluctuation. As
the temperature step gets higher, we begin obtaining the
computed parameters very close to the true values with
acceptable errors (dubbed “good” results) and it allows
us to recover the temperature step parameters faithfully.
It is easily found from Figure 2 that the patches with
more pixels work better for they have faster attenuation
of uncertainties and errors are smaller. Table I displays
the performances of the algorithm for the values of ∆
at the borders above which errors for temperature step
(σ∆) do not get any better. We use circular patches for
WMAP data analysis rather than square patches because
of computational advantage. Algebraic expressions for
observables for given in (7)-(12) work very well for cir-
cular patches with negligible numerical differences with
square patches. A square patch with 28 × 28 pixels at
the normal resolution of WMAP data (3,145,728 pixels
for full sky) covers nearly the same area as the circu-
lar region with angular radius θR = 1.8
◦. Thus, when
there is a moving cosmic string passing through the cen-
ter of the patch, all pixels in the patch will be affected by
conic space-time formed by the cosmic string. If a cos-
mic string is placed between the last scattering surface
and the Earth (0 < z < 1100), the step pattern should
be larger than the size of the patch. We performed fur-
ther detecting power test with 28×28 pixels patches and
found the critical value of ∆, ∆c, above which “good”






FIG. 3: Distributions of ∆ detected in WMAP 3-year W-
band data set. Number of spots-unqualified signal (dotted):
193,160, qualified step+tilt (dashed): 129,049, qualified step
(solid): 12,330.
III. APPLICATION TO WMAP
An observed CMB anisotropy map is an aggregate of
various independent modes of perturbation ranging from
tiny sub-horizon scales to super-horizon scales well be-
yond the correlation length. As illustrated in Figure 1,
fluctuations with larger or smaller scales compared to
the size of a test patch are neatly prescribed. But, the
intermediate scales whose wavelengths are comparable
to the size of test patch will appear to be continuous
temperature tilts which also give plausible values of step
parameters. One drawback of this algorithm is that it
does not distinguish a discrete temperature step and a
smooth temperature slope. However, this shortcoming
can be easily fixed: if an apparent temperature step is
detected at a spot (center of a patch) in the map, we re-
peat the analysis with half-sized patch at the same spot.
If the structure is a continuous slope, then it would re-
turn a half the value of ∆ than previous result while for
the signal from a discrete step, the returned ∆ should
stay the same within error. We consider only the patches
with p = 0.5 to avoid multiple count on the same pattern.
We conducted the step signal search through the WMAP
3-year W-band data set and found 193,160 unqualified
signals against background fluctuation (the constraint in
(22) is not applied), 129,049 qualified steps+tilts (sig-
nals that meet the constraint (22)) and 12,330 qualified
discriminated steps. The ∆ of qualified steps ranges
(18.3± 3.0)µK < ∆ < (115.4± 6.0)µK. (23)
as the histograms are shown in Figure 3. Patches with
radius θR = 1.8
◦ in WMAP 3-year W-band have back-
ground fluctuation σG less than 176µK in the Kp2-mask
cleared region. This means, at the worst case, we can
identify a step signal as low as 176µK/4 = 44µK with
moderate errors. Therefore, if there are cosmic string
5signals with ∆ ≥ 115.4µK and they are located on the
available region (out of Galactic plane or Kp2 masked
region), they would not be missed. Thus, we can set an
upper limit on cosmic string signal
∆ = 4piGµγsβsT | cosφ| < 127.4µK, 95% CL (24)
where φ is arbitrary. Thus, with 〈γsβs〉 ≃ 1 [15], the
upper limit of cosmic string parameter can be estimated
as
Gµ . 3.7× 10−6, 95% CL. (25)
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